The heavy ion beam is considered to be the ideal source for radiotherapy. The p53 tumor suppressor gene senses DNA damage and transducts intracellular apoptosis signals. Previous reports showed that the heavy ion beam can trigger complex forms of damage to cellular DNA, leading to cell cycle arrest and apoptosis of HepG2 human liver cancer cells; however, the mechanisms remains unclear fully. In order to explore whether the intrinsic or extrinsic pathway participates this process, HepG2 cells were treated with 12 C 6+ HIB irradiation at doses of 0 (control), 1, 2, 4, and 6 Gy with various methods employed to understand relevant mechanisms, such as detection of apoptosis, cell cycle, and Fas expression by flow cytometry, analysis of apoptotic morphology by electron microscopy and laser scanning confocal microscopy, and screening differentially expressed genes relating to p53 signaling pathway by PCR-array assay following with any genes confirmed by western blot analysis. This study showed that 12 C 6+ heavy ion beam irradiation at a dose of 6 Gy leads to endogenous DNA double-strand damage, G2/M cell cycle arrest, and apoptosis of human HepG2 cells via synergistic effect of the extrinsic and intrinsic pathways. Differentially expressed genes in the p53 signaling pathway related to DNA damage repair, apoptosis, cycle regulation, metastasis, deterioration and radioresistance were also discovered. Consequently, the expressions of Fas, TP53BP2, TP53AIP1, and CASP9 were confirmed upregulated after 12 C 6+ HIB irradiation treatment. In conclusion, this study demonstrated the mechanisms of inhibition and apoptosis induced by 12 C 6+ heavy ion beam irradiation on HepG2 cancer cells is mediated by initiation of the biological function of p53 signaling pathway including extrinsic and intrinsic apoptosis pathway.
Introduction
The 12 C 6+ heavy ion beam ( 12 C 6+ HIB) is a high energy-transfer density ray with good biological effects. It can effectively kill cancer cells and is considered as an ideal radiation source for radiotherapy [1] .
Ionization radiation can cause cellular DNA damage, which leads to apoptosis due to failure of the damaged DNA to be repaired [2, 3] . The damage caused by 12 C 6+ HIB is mainly DNA double-strand breaks, which are more complex and harder to be repaired [4] . The exogenous pathway of apoptosis is mediated by death receptors on the cytomembrane, and the endogenous pathway of apoptosis is mediated by chondriosomes. Both pathways activate the caspase family of apoptosis-related proteins to induce apoptosis [5] . A study by Liu et al. [6] showed that 12 C 6+ HIB can cause cell cycle arrest in HepG2 cells in the G1 and G2 phases, followed by apoptosis. However, there are few reports on whether the intrinsic or extrinsic pathway plays a role in this process. The tumor suppressor gene p53 senses DNA damage and transmits intracellular apoptosis signals [2, 3] . The dysregulation of p53 function is closely related to the occurrence and development of cancers. In most human cancer cells, p53 gene is inactivated or mutated; in other cancer cells, wild-type p53 is non-functional [7] . HepG2 cells express wild-type p53. He et al. [8] showed that p53 plays a significant role in damaging DNA. Apoptosis stimulating protein of p53 (ASPP2) has low expression levels in some cancer cells expressing wild-type p53 [9] , and can regulate its anti-cancer functions [10] ; thus, it can function as a tumor suppressor by enhancing the apoptotic function of p53 [11] . Tumor protein p53 regulated apoptosis inducing protein 1 (TP53AIP1) is a downstream apoptosis-promoting target gene of p53; and its expression is regulated and induced by wild-type p53, which can lead to a reduction in the electrochemical gradient of the chondriosome membrane, resulting in the release of cytochrome c into the cytoplasm, which causes caspase 9 activation [12, 13] . PCR array demonstrated that there are 84 genes involved in the p53 signaling pathway, which play roles in many processes including the regulation of DNA damage repair, apoptosis, cell cycle, angiogenesis, and transcription.
The aim of this study was to determine whether low ASPP2 and TP53AIP1 expression leads to a decline of p53 function in HepG2 cells, and to determine the effects of 12 C 6+ HIB irradiation on p53 function. To this end, variation in the expression of genes in the p53 signaling pathway of HepG2 cells was evaluated, the mechanism underlying HepG2 cell apoptosis induced by 12 C 6+ HIB irradiation was elucidated, and the effects of HepG2 12 C 6+ HIB irradiation on p53 function was determined.
Material and Methods

Reagents
Rhodamine 123 and Hoechst 33342 were purchased from Sigma (St Louis, USA), rabbit anti-TP53 polyclonal antibody was from ImmunoWay Biotechnology (Newmark, USA), and rabbit anticaspase 9 polyclonal antibody, rabbit anti-TP53AIP1 polyclonal antibody, and rabbit anti-TP53BP2 polyclonal antibody were purchased from Abnova (Taipei, China). Rabbit anti-GAPDH polyclonal antibody was from Abcam (Cambridge, UK). High glucose Dulbecco's Modified Eagle's Medium (DMEM) was from Hyclone (Logan, USA) and fetal calf serum (FCS) was from Sijiqing Biological Engineering Materials (Hangzhou, China).
Cell culture
HepG2 cells were purchased from the Cell Repository of the Chinese Academy of Science (SCSP-510; Shanghai, China), and cultured in DMEM complete culture medium with 10% FCS and 10 mg/ml penicillin-streptomycin in an incubator at 37°C with 5% CO 2 and saturated humidity. The medium was changed every 48-72 h, and cells were subcultured by enzymatic digestion using 0.25% trypsin. Cells in the logarithmic phase were used for the experiments.
HIB irradiation
The HIB irradiation experiment was conducted at the 
Electron microscopy
After treatment with 12 C 6+ HIB irradiation at doses of 0 (control) and 6 Gy, the HepG cells of two groups were cultured for 24 h, fixed with 3% glutaraldehyde at 4°C overnight. Then fixed cells were washed three times with PBS, fixed with 1% osmic acid, and washed three times with PBS. Then cells were dehydrated with ethanol and acetone, embedded in epoxy resin. Ultrathin sections were prepared and stained with uranyl acetate and lead citrate. Finally, the samples were examined by transmission electron microscopy (JEM-200CX; JEOL, Tokyo, Japan).
Laser scanning confocal microscopy
Each group of cells cultured in the special plates for confocal microscopy was washed three times with PBS. Then 10 μl rhodamine 123 was added to a final concentration of 10 mg/l, and cells were incubated at 37°C with 5% CO 2 for 30 min, followed by washing with PBS twice. Next, 300 μl Hoechst-33342 dye was added to a final concentration of 5 mg, incubated at 37°C for 5 min in the dark, and washed twice with PBS. Then laser scanning confocal microscopy (LCSM) was performed at an excitation wavelength of 488-505 nm and an emission wavelength of 530 nm, to observe changes in the mitochondrial membrane potential and nuclear morphology. 
Detection of Fas expression by FCM
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Ct method. The website confirmed the appropriate standardized method by normalizing to the Ct value of housekeeping genes (ACTB, B2M, GAPDH, HPRT1, and RPLP0). After standardization, the mean value of the relative expression level of each gene was taken from three samples in each control group. Quality control was performed to confirm that there was no DNA contamination and no factors affecting reverse transcription and PCR in the array plates. The array was conducted twice.
Western blot analysis
HepG2 cells from each group irradiated by 12 C 6+ HIB with 0 and 6 Gy, respectively, and cultured for 24 h were lysed to extract the total protein. The BCA protein quantification kit (Solarbio, Beijing, China) was used to measure protein concentration. Proteins were resolved on SDS-PAGE gels and electrotransferred to PVDF membranes (Millipore, Billerica, USA), followed by blocking with skimmed milk (5%). Then membranes were incubated with the following primary antibodies: anti-rabbit caspase 9, anti-rabbit TP53AIP1, anti-rabbit TP53, anti-rabbit TP53BP2, and anti-rabbit GAPDH polyclonal antibody. After washing, the membranes were incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG (ZSGB-BIO, Beijing, China) and developed by enhanced chemiluminesce. The ChemiDoc XRS+ system was used for gel imaging and analysis (Bio-Rad, Hercules, USA). The ImageJ2x processing program (Wayne Rasband, Bethesda, USA) was used to analyze the protein bands, and the relative expression level of the bands was analyzed based on the ratio of the target protein and GAPDH.
Statistical analysis
All data were presented as the mean ± standard deviation (SD). SPSS 10.0 was used for data analysis. One-way analysis of variance was used to compare the data among groups, and inter-group differences were determined with the Newman-Keuls post hoc test. The mean value between two samples was determined by the two-sample t-test. P values less than 0.05 were considered statistically significant. at doses of 1, 2, 4, and 6 Gy, the proportion of viable cells was significantly decreased, and the ratio of late apoptotic and necrotic cells to total cells increased to 7.29% ± 2.33%, 7.71% ± 2.03%, 11.53% ± 1.64%, and 15.16% ± 1.16%, respectively, compared with the control group (P < 0.01; Fig. 1 ). Distinct differences in the ratio of early apoptotic cells to total cells after irradiation were not detected among groups. These results suggested that 24 h of 12 C 6+ HIB irradiation led to significant apoptosis and necrosis of HepG2 cells.
Results
C 6+ HIB irradiation induced HepG2 cell apoptosis
C 6+ HIB irradiation induced G2/M arrest in HepG2 cells
The cell cycle in each treatment group was analyzed by FCM. In the control group, the proportion of HepG2 cells in the G1/G0 phase, S phase, and G2/M phase was 61.30% ± 9.34%, 28.58% ± 6.73%, and 9.76% ± 2.25%, respectively. After 12 C 6+ HIB irradiation at 0 (control), 1, 2, 4, and 6 Gy and 24 h of culture, the percentage of HepG2 cells in the G1/G0 phase in each treatment group was decreased to 59.71% ± 8.16%, 59.16% ± 8.77%, 48.17% ± 6.92%, and 26.78% ± 5.39%, respectively, compared with the control group. Treatment with 4 Gy led to a significant (P < 0.01) decrease in the percentage of cells in the S phase to 26.24% ± 5.79%, 18.36% ± 4.07%, 12.42% ± 3.40%, and 4.16% ± 1.43%, respectively. Interestingly, treatment with 6 Gy led to an increase in the percentage of cells in the G2/M phase to 13.79% ± 2.87%, 22.31% ± 4.86%, 39.12% ± 6.01%, and 68.91% ± 6.92%, respectively. Compared with the control group (0 Gy), the percentages of cells in the S and G2/M phases significantly differed (P < 0.01) in the irradiation group at doses of 2, 4, and 6 Gy (Fig. 2) . These results suggested that 12 C 6+ HIB irradiation led to G2/M cycle arrest of HepG2 cells in a dose-dependent manner.
Significant variation in apoptosis and chondriosome morphology after 12 
C 6+ HIB irradiation
The above results demonstrated that 12 C 6+ HIB irradiation caused
HepG2 cell apoptosis and cell cycle arrest, which inevitably would result in changes in cell morphology. Figure 3 shows HepG2 cell morphology revealed by electron microscopy. In the control group (0 Gy), under 4000× magnification, many viable HepG2 cells could be seen with an intact nucleus, irregular nuclear membrane, 1-2 nucleoli, fluid in the cytoplasm, microvilli facing the epithelial lumen outside, and cell adhesion. The mitochondrial membrane potential is an important index used to evaluate mitochondrial function, and loss of the mitochondrial membrane potential leads to a decrease or disappearance of the fluorescence intensity [14] ; thus, the dye rhodamine 123 was used to evaluate mitochondrial function in cells in this study. In addition, Hoechst 33342 was used to stain intracellular DNA damage. After Hoechst 33342 staining, the nucleus of apoptotic cells appears dark blue, whereas the nucleus of normal cells appears light blue. This method is commonly used to detect tumor cell apoptosis [15] . LSCM showed the variation in cellular morphology after 12 C 6+ HIB irradiation with 0, 1, 2, 4, and 6 Gy after 24 h. Figure 4 shows that with the increase in the radiation dose, the number of HepG2 cells stained with rhodamine 123 with weak or no fluorescence were increased, and the number of HepG2 cells stained with Hoechst 33342 with a dark blue nucleus were also increased. These data suggested that as the radiation dose increased, 
Upregulation of Fas expression after 12 C 6+ HIB irradiation
The average fluorescence value representing Fas expression in HepG2 cells in the control group (0 Gy) was 1.27 ± 0.48. After treatment with 1, 2, 4, and 6 Gy, the values were increased to 2.58 ± 0.60, 3.83 ± 0.88, 4.75 ± 0.75, and 5.33 ± 0.87, respectively (Fig. 5A,B) , which were significantly different from that in the control group (0 Gy; P < 0.01). These results showed that Effects of 12 C 6+ HIB irradiation on the relative expression of 84 genes in the p53 pathway Next, PCR array was used to determine the effects of 12 C 6+ HIB irradiation on expressions of the 84 genes in the p53 signaling pathway of HepG2 cells. Results showed that 20 genes were differentially expressed after 12 h ( Table 1 ) and 31 genes were differentially expressed after 24 h ( Table 2) . Detailed information was provided in Supplementary Table S1 . After 12 C 6+ HIB irradiation with 6 Gy at 12 and 24 h, genes with differential expression are as follows: upregulation of 8 DNA repair genes such as ATM, ATR, BRCA2, and PCNA; upregulation of 13 genes that inhibit apoptosis such as Fas, FasLG, FADD, TP53BP2, TP53AIP1, and CASP9; upregulation of 4 anti-apoptotic genes; downregulation of MDM4; upregulation of 10 genes that regulate the cell cycle such as CDK1, CCNG1, PRC1, CCNB1, RB1, and CDC25C; downregulation of SESN2 and Gy. Data were presented as the mean ± SD from three independent experiments. * P < 0.05, ** P < 0.01 vs. control group (0 Gy).
GML; upregulation of STAT1 and JUN; downregulation of EGR1 at 12 h but upregulation at 24 h; and upregulation of IL6. These data indicated that 12 C 6+ HIB irradiation plays an important role in the anti-cancer mechanism of the p53 signaling pathway.
C 6+ HIB irradiation induced high protein expressions of TP53BP2, TP53AIP1, and CASP9 in HepG2 cells
The results of the PCR array of the p53 signaling pathway showed the differential expressions of TP53BP2, TP53, TP53AIP1, and CASP9 in HepG2 cells between the control (0 Gy) and irradiated group (6 Gy). Western blot analysis confirmed these data and showed that the protein expression levels of TP53BP2, TP53, TP53AIP1, and CASP9 of human HepG2 cells in the control group (0 Gy) were 0.19 ± 0.02, 0.32 ± 0.04, 0.34 ± 0.03, and 0.33 ± 0.03, respectively. The protein expression levels of TP53BP2, TP53AIP1, and CASP9 after 24 h of 12 C 6+ HIB irradiation with 6 Gy dose increased to 0.46 ± 0.04, 0.76 ± 0.06, and 0.62 ± 0.05, respectively, which were significantly different from the control group (0 Gy) (P < 0.01; Fig. 6) . The protein expression level of TP53 after irradiation increased to 0.37 ± 0.03, which was not significantly different from the control group (P > 0.05). These results suggested that the protein expressions of TP53BP2, TP53AIP1, and CASP9 in human HepG2 cells are normally low, but increase upon 24 h of 12 C 6+ HIB irradiation with 6 Gy.
Discussion
Heavy ion beam radiation causes DNA damage in tumor cells [4] . STM genetic high expression is the symbol of DNA double-strand damage [16] ; ATR is closely related to ATM function, and increases when DNA is damaged. BRRCA2 maintains genomic stability and plays an important role in repairing double-strand breaks. PCNA is the accessory protein of DNA polymerase δ [17] , MSH2 is the DNA-mismatch repair protein [18] , and WT1 can improve DNA damage repair [19] . PCR array of the p53 signaling pathway showed variation and high expression of genes related to the repair of double-strand DNA breaks, which indicates that the DNA damage in tumor cells caused by 12 C 6+ HIB irradiation is mainly in the form of double-stand damage. Ionizing radiation and DNA damage can further induce apoptosis [2, 3, 6] . Annexin V-FITC/PI staining The endogenous apoptosis pathway is induced by chondriosomes [5] . LSCM detection showed that 12 C 6+ HIB irradiation lead to loss of the intracellular chondriosome membrane potential and swelling inside the chondriosomes. In addition, 12 C 6+ HIB irradiation affected the function of the chondriosomes, indicating the activation of the endogenous apoptosis pathway. TP53BP2, also called ASPP2, is a key regulatory protein of p53 that can bind with p53 to promote apoptosis via the chondriosome pathway [20] [21] [22] [23] . TP53AIP1 is the downstream apoptosis-promoting target gene of p53. When DNA is severely damaged, Ser46 phosphorylation of wild-type p53 can induce its expression [12] . TP53AIP1 plays a key role in the p53-dependent chondriosome apoptosis pathway, which can affect the chondriosome membrane potential, induce the release of cytochrome c from the chondriosome, inhibit tumor growth, and promote apoptosis of tumor cells [24] . CASP9 is a member of the caspase family and an inducer of the chondriosome apoptosis pathway [25] . It promotes cell apoptosis, inhibits tumor growth, and plays an important role in late apoptosis. The results from the PCR array and western blot analysis showed that intracellular ASPP2, TP53AIP1, and CASP9 expressions were upregulated 24 h after 12 C 6+ HIB irradiation. The mRNA expression of p53 did not significantly change, indicating that 12 C 6+ HIB irradiation does not increase p53 expression, but rather, promotes apoptotic function via upregulation of ASPP2, TP53AIP1, and CASP9. PIDD is the apoptosis-promoting gene regulated by p53 after DNA damage. EI24, regulated by the p53 protein, induces apoptosis via the chondriosome pathway and CASP9 to inhibit cell proliferation. BID is one of the family members of BCL-2. It activates the expression of BAX and BCL-2, regulates cellular death and chondriosome damage, and induces the release of cytochrome c. MDM4 inhibits apoptosis induced by p53, and downregulation of its expression promotes apoptosis. The results of the PCR array also showed significant variation of PIDD, EI24, BID, and MDM4 within the p53 signaling pathway, further revealed the activation of the endogenous apoptosis pathway, showing that p53 plays a role in the apoptosis of HepG2 cells induced by 12 C 6+ HIB irradiation.
TNF promotes tumor cell apoptosis and increases radiosensitivity [26, 27] . The Fas/FasL signal pathway is a typical exogenous pathway of cellular apoptosis. Fas is the typical extrinsic apoptosis receptor, which binds with FasLG and forms FADD to activate the caspase family of apoptosis-related protein to induce apoptosis [28] [29] [30] Our results showed cell cycle arrest in the G2/M phase after 12 C 6+ HIB irradiation at 24 h in human HepG2 cells. CDK1 promotes cell cycle M phase, transmitting cells from G1/S to G2/M. CCNG1 is highly expressed in the normal S and G2/M phases and is lowly expressed in the G1 phase of cell cycle. Once DNA damage occurs, induces its high expression, it develops cycle from G1 to S phase with its overexpression [32] [33] [34] . PRC1 increases at mitosis S and G2/M phase, which plays a significant part in the highly dynamic behavior of mitosis spindle apparatus, and functions as the location of midbody in cytoplasmic division. CCNB1 is the manager of indirect nuclear division, and it is mainly expressed at G2/M phase. CHEK1 responds to DNA double-strand damage cycle arrest checking point mediation function and extends cycle course. RB1 triggers cycle arrest and inhibition of tumor. CDC25C plays a key role in cell division, and its upregulation causes G2/M phase arrest [35] . The PCR-array results revealed the above variations of genetic expression relating to cell cycle G2/M regulation in p53 signal pathway, and which further supports the FCM result of this study. p53 has the function of checking point at cell cycle G1/S phase and G2/M phase [36] . Ionization radiation induced by wild-type p53 can activate cell arrest at G1 phase and G2/M phase [37, 38] . In this study, no cell cycle arrest at G1/G0 phase was found after 12 C 6+ HIB irradiation in human HepG2, indicating that p53 probably only takes part in the G2/M arrest during the irradiation process. Furthermore, high expression of CCNG1 can also promote transference of liver cancer [39] . SIRT1 induces tumor cell metastasis [40] . PTTG1 promotes cellular proliferation, metastasis, and invasion of tumor cells [41, 42] . JUN promotes cytometaplasia and transference of liver cancer cells [43, 44] . High expression of CCNH indicates the increase of cancer malignance [45] . High expression of IL6 indicates cellular radioresistance [46] . PCR-array results of this study revealed that 12 
C
6+ HIB irradiation induces a series of genes expression variations relating to tumor metastasis, deterioration, and radioresistance in the p53 signal pathway which indicate that possible biological processes were involved, such as, tumor cell apoptosis, the increase of malignance degree of remnant tumor cell, and the occurrence of radioresistance.
Conclusion
In summary, the results of this study showed that 12 C 6+ HIB irradiation leads to endogenous DNA double-strand damage, G2/M cell cycle arrest, and apoptosis of human HepG2 cells via synergistic effect of the extrinsic and intrinsic apoptosis pathways. Variation in the expression of genes in the p53 signaling pathway was evident after 12 C 6+ HIB irradiation, including genes related to DNA damage repair, apoptosis, cycle regulation, transference, deterioration, and radioresistance. The apoptosis-promoting function of intracellular wild-type p53 could recover to some degree, possibly playing a role in the process when cell arrest in the G2/M phase was induced. However, this study is relatively limited, only partial verification of genes with significant expression variations related to apoptosis was conducted. Further verification are needed to prove those significant expression variations of genes related to DNA damage repair, cycle regulation, metastasis, deterioration, and radioresistance in p53 signal pathway induced by 12 C 6+ HIB irradiation in human HepG2, which can provide more evidence for clinic use of 12 C 6+ HIB in the treatment of diseases.
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